Abstract. The occurrence of guanine nucleotide binding protein (G protein), q polypeptide (GNAQ) mutations has been found to be high in the majority of uveal melanomas. However, the underlying molecular mechanism of GNAQ mutations in modulating uveal melanoma is poorly understood. The aim of the present study was to investigate the role and underlying mechanism of mutant GNAQ in the regulation of cell viability and migration of uveal melanoma cells. Uveal melanoma cells containing mutant GNAQ were transfected with scrambled or GNAQ small-interfering RNA. Compared with the control, GNAQ knockdown markedly inhibited cell viability and migration. However, tumor cells without GNAQ mutations exhibited enhanced viability and migration following transfection with HA-GαqQL. Additionally, GNAQ knockdown significantly downregulated the expression of Jag-1 (Notch ligand), Notch intracellular domain and Hes-1 (Notch target gene) in uveal melanoma cells. Conversely, the GNAQ overexpression promoted their expression. Cell viability and migration induced by GNAQ was significantly inhibited following treatment with 5 µmol/l MRK003, a Notch signaling inhibitor. Furthermore, the transfection of human influenza hemagglutinin A epitope (HA)-GαqQL into tumor cells caused Yes-associated protein (YAP) dephosphorylation and nuclear translocation, which stimulated the expression of Jag-1 and Hes-1. Positive correlations were observed between the GNAQ and Jag-1 mRNA levels and between the GNAQ and Hes-1 mRNA levels. However, no positive correlation was observed between the GNAQ and YAP mRNA levels. The results suggested that GNAQ mutation induced viability and migration of uveal melanoma cells via Notch signaling activation, which is mediated by YAP dephosphorylation and nuclear translocation.
Introduction
Uveal melanoma is the most common primary intraocular tumor in adults, and has a reported annual incidence of 6.3/million among Caucasians, 0.9 among Hispanics and 0.24 among individuals of African descent (1). The incidence is much lower within Asian populations although uveal melanoma may occur earlier (2, 3) . It was previously reported that 20% of uveal melanomas occurred in patients between 19 and 30 years of age (4) . The 5-year survival rate of patients with uveal melanoma has remained at 81.6% over the past three decades regardless of the development of local eye treatment (5) . Therefore, it is critical to identify patients at high risk of metastatic disease, which may be useful in selecting patients that may benefit from adjuvant treatment (6) . The organs to which uveal melanoma most commonly metastasize are the liver (95%), lungs (24%), bone (16%) and skin (11%). These metastases may significantly influence the patient survival rate. Patients with liver metastases have a median survival rate of ~4-6 months and a 1-year survival rate of ~10-15%. By contrast, patients with no liver metastases have a median survival rate of ~19-28 months and a 1-year survival rate of ~76% (7) .
GNAQ and GNA11 mutants (encoding Gαq and Gα11, respectively) occur in ~5% of all tumors and contribute to cell viability and migration (8) . Daniels et al (9) demonstrated that mutations in GNAQ (47%) or GNA11 (44%) were detected in the majority (91%) of large uveal melanomas. However, these oncogenic mutations have rarely been identified in other types of cancer. G protein α subunits may transduce external signals to intracellular signaling pathways, which activate the phospholipase C and mitogen-activated protein kinase pathways, promoting proliferation and the cell survival rate of melanoma cell lines (10) . Constitutively active GNAQ and GNA11 mutants may activate the extracellular signal-regulated kinase (ERK) pathway, and knockdown of mutant GNAQ in uveal melanoma cells may lead to mitogen-activated protein kinase inhibition, cell growth reduction and apoptosis induction (11) . However, the effect of mutant GNAQ on uveal melanomas has not been completely elucidated.
Four Notch receptors (Notch1-4) are found in mammals and play an essential role in tumorigenesis. Two ligand families, Jagged (Jag-1 and Jag-2) and δ-like ligand, are required for the activation of canonical Notch signaling (12 of these ligands to the Notch receptor results in its cleavage by the tumor necrosis factor-α-converting enzyme (13) . The final cleavage event, which is induced by the γ-secretase complex, releases the Notch intracellular domain (NICD), stimulates nuclear translocation and modifies the gene expression (14) . The best studied genes that are modified by NICD are the Drosophila proteins hairy and enhancer of split, homologs to human hairy and enhancer of split (Hes), and hairy and enhancer of split related with YRPW motif (Hey) families (15) . Activation of Notch1 has been reported to promote cell growth and tumor invasion in human cutaneous melanoma (16) . Notch1 activation also induces a transformed cell phenotype in cutaneous melanocytes in vitro (17) . The role of Notch signaling has been examined in uveal melanoma and was found to promote proliferation, clonogenic growth and invasion in tumor cells (18) . Nevertheless, to the best of our knowledge, few studies have reported the interaction between Notch signaling and mutant GNAQ in uveal melanoma. The present study revealed that mutant GNAQ promotes uveal melanoma cell viability and migration through the activation of Notch signaling. Inhibition of Notch by MRK003 resulted in decreased cell viability and migration. Furthermore, Yes-associated protein (YAP) dephosphorylation and translocation were stimulated by GNAQ and mediated Notch signaling activation in uveal melanoma cells. Thus, we found an association between the GNAQ mutation and Notch signaling, which may facilitate the identification of therapies to treat uveal melanoma.
Materials and methods
Cell culture and tumor tissues. Five cell lines, including 92.1, OMM2.2, OMM2.5, Mel285 and Mel290 (provided by Dr Martine Jager of Leiden University, The Netherlands), were cultured in RPMI-1640 medium supplemented with 10% fetal calf serum (FCS), 2.5 µg/ml fungizone ® /amphotericin B, 50 µg/ml gentamicin and 2 mM L-glutamine (Gibco, Invitrogen, Carlsbad, CA, USA) as previously described (19) . The cells were cultured at 37˚C in a humidified air/CO 2 atmosphere. Excess tumor tissues not required for diagnosis were obtained from primary uveal melanoma tumors of 12 patients who were enrolled at the Xi'an No. 4 Hospital following approval by the Institutional Research Committee. The tissues were preserved at -80˚C. Human samples were obtained after informed consent was provided by the patients, and in accordance with the Declaration of Helsinki. The present study was approved by the Ethics Committee of Xi'an No. 4 Hospital.
MTT assay. An MTT assay was employed for the evaluation of melanoma cell growth and proliferation. The experiments were carried out in 96-well plates according to the manufacturer's instructions (Roche GmbH, Mannheim, Germany). In the MTT test, tetrazolium salts were transformed by active enzymes of the cells into intracellular formazan deposits and the cells were incubated for 4 h with the tetrazolium salts. After 4 h, the purple formazan salts formed became soluble. Absorbance was determined at 490 nm.
Migration assay. Cell migration assays were performed with a two-chamber Transwell ® device (Corning, Edison, NJ, USA).
The cells were collected and suspended in RPMI-1640 medium containing 10% FCS. A Transwell apparatus with an 8-µm pore size membrane (Corning) was used to analyze the migration activity. The cells were suspended in 120 ml RPMI-1640 medium containing 0.1% FCS and then seeded in the upper chamber of the device, while 500 ml RPMI-1640 medium containing 10% FCS was added to the lower chamber. The device was incubated at 37˚C for 12 h. The inner side of the upper chamber was wiped with a wet cotton swab to remove the cells, while the outer side of the chamber was gently rinsed with phosphate-buffered saline (PBS) and treated with 95% ethanol for 30 min. The membrane was then washed with PBS again and stained with a 0.1% crystal violet staining solution for 30 min. After being dried, images of the membrane were taken for >5 fields and the cells were counted. At least three experiments were performed using the Transwell assays for each cell line.
DNA construct. The plasmids pGEM-HA-GαqQL were constructed as described in a previous study (20, 21) . The 1.1 kb HindIII-NotI fragment containing the coding sequence for HA-Gαq was ligated into the blunted SalI sites of pGEM-9Zf, which was confirmed by restriction mapping and nucleotide sequencing.
Small interfering RNA transfection. Scrambled small interfering RNA (siRNA) and siRNA targeting GNAQ (sc-35429-SH) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The cells were transfected with scrambled or GNAQ siRNA according to the manufacturer's instructions. Briefly, the scrambled and GNAQ siRNAs (30 pmol) were diluted in 500 µl Dulbecco's modified Eagle's medium (DMEM) and mixed with 5 µl Lipofectamine ® RNAiMAX (Invitrogen). After 15 min of incubation at room temperature, the complexes were added to the cells to a final volume of 3 ml medium. The cells were then harvested at the indicated time periods for subsequent analysis. The efficiency of the GNAQ siRNA was confirmed by western blot analysis of the flag expression.
Fluorescence staining. The Mel285 cells were tranfected with blank vectors or HA-GαqQL. Following fixation with 4% formaldehyde in PBS for 10 min, the cells were permeabilized with 0.3% Triton X-100 in PBS for 10 min, followed by 1 h of blocking with 5% bovine serum albumin in PBS. The cells were stained with the primary antibody, rabbit anti-YAP, overnight at 4˚C. Fluorescence staining was performed using Alexa 488-conjugated goat anti-rabbit (green) antibody. Confocal microscopy was performed using a multiphoton Zeiss LSM 510 laser scanning microscope (Carl Zeiss, Jena, Germany). Confocal images were obtained with LSM 510 software.
Quantitative polymerase chain reaction analysis. The mRNA of uveal melanoma cells or tumor tissues was extracted with TRIzol ® RNA-extraction reagent (Gibco, Rockville, MD, USA). Approximately 5 µg of total RNA for each sample were reverse-transcribed into first-strand cDNA for quantitative polymerase chain reaction (RT-qPCR) analysis. RT-qPCR was performed in a final volume of 10 µl, containing 5 µl of SsoFast™ EvaGreen ® Supermix (Bio-Rad, Hercules, CA, USA), 1 µl of cDNA (1:50 dilution) and 2 µl each of the forward and reverse primers (1 mM). The steps in the RT-qPCR were performed as follows: 94˚C for 2 min for initial denaturation; 94˚C for 20 sec, 58˚C for 15 sec and 72˚C for 15 sec; 2 sec were used for plate reading for 40 cycles; and a melt curve was generated between 65 and 95˚C. β-actin was used as a quantitative and qualitative control to normalize the gene expression. Data are analyzed using the formula: R = 2 -(ΔCt sample -ΔCt control) . The primers used in this experiment are shown in Table I .
Western blot analysis. Proteins were extracted from uveal melanoma cells and the protein concentration was quantified by the Bradford assay. A total of 20 µg of protein was separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane (BioTeke, Beijing, China), which was incubated with 2% non-fat dry milk in Tris-buffered saline (TBS) to block non-specific binding at room temperature for 1 h. After being blocked, the membrane was incubated in blocking buffer containing primary antibodies overnight at 4˚C. Antibodies including anti-Jag-1, anti-NICD, anti-Hes-1 and anti-β-actin were purchased from Santa Cruz Biotechnology, Inc.. Subsequently, the membrane was washed with TBS-Tween for 10 min and incubated with horseradish peroxidase-conjugated secondary antibody (Tiangen Corporation, Beijing, China) diluted in blocking buffer for 1 h at room temperature. After being washed again with TBS-Tween buffer for 10 min, proteins were detected using enhanced chemiluminescence (Pierce, Rockford, IL, USA).
Statistical analysis. The statistical significance of differences was assessed using SPSS 15.0 (SPSS Science, Chicago, IL, USA). Differences between the two groups were analyzed by the Student's t-test. Correlations were assessed using the Spearman's rank correlation coefficient. Differences between multiple groups were analyzed by the ANOVA. P<0.05 was considered to indicate a statistically significant result.
Results
Oncogene GNAQ contributes to uveal melanoma cell viability and migration. Mutant GNAQ has been identified in certain uveal melanoma cell lines including 92.1, OMM2.2 and OMM2.5 (22) . To determine the effect of GNAQ on uveal melanoma cells, the cultured 92.1, OMM2.2 and OMM2.5 cells were transfected with scrambled or GNAQ siRNA. Transfection of GNAQ siRNA resulted in a 67, 70 and 74% inhibition of GNAQ mRNA expression in 92.1, OMM2.2 and OMM2.5 cells, respectively (Fig. 1A) . The viability of these transfected cells was evaluated by MTT over 24-96 h. The results showed that GNAQ knockdown significantly inhibited the viability of 92.1, OMM2.2 and OMM2.5 cells (Fig. 1B-D) . GNAQ knockdown also reduced the migratory rates of 92.1, OMM2.2 and OMM2.5 cells compared with the respective controls (Fig. 1E) . Moreover, cells such as Mel285 and Mel290 were absent from the mutant GNAQ. Therefore, we examined the effect of the GNAQ expression on these cells through transfection with human influenza hemagglutinin A epitope (HA)-tagged GαqQL. Consequently, HA-GαqQL transfection resulted in a significant increase in the GNAQ mRNA expression (Fig. 1F) , and increased the viability and migration of the Mel285 and Mel290 cells (Fig. 1G-I ). These results indicated that mutant GNAQ may promote uveal melanoma cell viability and migration.
GNAQ activates Notch signaling in uveal melanoma cells. Activation of Notch signaling is involved in the carcinogenesis of various tissues including ocular tissues (23-25). As mutant GNAQ was highly expressed in uveal melanoma cells (26),
we hypothesized that GNAQ causes Notch signal activation and contributed to cell growth and migration. To validate our hypothesis, GNAQ expression in 92.1 cells was knocked down by GNAQ siRNA, and the expression of Jag-1 (Notch ligand), NICD and Hes-1 (Notch target gene) was analyzed by western blotting. A decreased expression of Jag-1, NCID and Hes-1 was observed in the GNAQ knockdown cells (Fig. 2A) . Furthermore, HA-GαqQL transfection in the Mel285 cells notably upregulated the expression of Jag-1, NCID and Hes-1 (Fig. 2B) . These results revealed that the Notch signaling may be triggered by mutant GNAQ in uveal melanoma cells.
Inhibition of Notch signaling blocks uveal melanoma cell viability and migration induced by GNAQ.
To confirm the effect of Notch activation induced by GNAQ on uveal melanoma cells, the Mel285 cells were transfected with HA-GαqQL and treated with or without 5 µmol/l MRK003 (a potent γ-secretase inhibitor). Compared with the HA-GαqQL transfection group, treatment with MRK003 significantly inhibited cell viability and migration (Fig. 3A and B) . Furthermore, Hes-1 expression in these cells was decreased by MRK003 (Fig. 3C) . These results indicated that inactive Notch impeded the effect of GNAQ on uveal melanoma cells.
YAP mediates GNAQ-induced Notch activation.
It has been shown that nuclear YAP induces Notch activation (27) . Therefore, we investigated whether YAP is involved in GNAQ-induced Notch activation. Mel285 cells were transfected with HA-GαqQL, and the YAP phosphorylation levels and nuclear translocation were detected. Compared with the Mel285 cells transfected with empty vectors, those transfected with HA-GαqQL showed decreased YAP phosphorylation (Fig. 4A) and increased YAP nuclear translocation (Fig. 4B) . Furthermore, YAP expression in the 92.1 cells was inhibited, and Jag-1 and Hes-1 expression was reduced by YAP siRNA (Fig. 4C) . Additionally, the viability and migration of the 92.1 cells was inhibited by the YAP siRNA transfection ( Fig. 4D and E) . These results demonstrated that GNAQ inhibits YAP phosphorylation and promotes YAP translocation, which mediated Notch activation in uveal melanoma cells.
GNAQ contributes to the oncogenic activation of Notch in human uveal melanoma.
To confirm the connection between the GNAQ, YAP and Notch signaling in human uveal melanoma, total RNA was isolated from 12 fresh-frozen human uveal melanoma samples, and the mRNA levels of GNAQ, YAP, Jag-1 and Hes-1 were analyzed. Positive correlations between the GNAQ and Jag-1 mRNA levels and between the GNAQ and Hes-1 mRNA levels were observed ( Fig. 5A and B) . However, no correlation was found between the GNAQ and YAP mRNA levels, which suggested that GNAQ regulated YAP protein phosphorylation but not its transcript level.
Discussion
A high incidence of mutations in G protein-coupled receptors and G proteins has been observed in melanomas (8, 28, 29) . Notably, GNAQ and GNA11 mutations have been reported in the majority of uveal melanomas, 83% of blue nevi, 6% of cutaneous melanomas and 59% of tumors occurring in the meninges (30, 31) . The potential role of GTPase-deficient mutants of several Gα subunits in carcinogenesis has been previously demonstrated (32, 33) . The GNAQ Q209L mutation contributes to a loss of GTPase activity and constitutive activation of GNAQ (34, 35) . Subsequently, dissociation of GNAQ in its GTP-bound state results, via Ras and Raf signaling, in MEK1/ERK activation, which ultimately modulates cell growth and migration (36) . van Raamsdonk et al (31) found that blocking the GNAQ expression in OMM1.3 cells resulted in a significant decrease in the cell number, loss of anchorage-independent growth and a marked increase in the sub-G0/G1 population. The present study confirmed that GNAQ mutation was critical for the viability and migration of melanoma cells.
Notch activation has been found to be involved in the viability of cutaneous melanoma. The elevated expression of the Notch pathway members has been described in melanoma cells compared with normal melanocytes, and treatment with the tripeptide GSI caused apoptosis in melanoma cells (37, 38) . In a study by Asnaghi et al (39) , Jag-2 was introduced into the Mel285 and Mel290 cells, and these cells showed enhanced cell growth and motility as evaluated by the wound-healing and Transwell invasion assays. By contrast, transfection of 92.1 and OMM1 cells with Jag-2 short hairpin RNAs indicated that knockdown of the ligand significantly inhibited cell growth, invasion and migration. Huang et al (40) reported that knockdown of Notch1 in uveal melanoma cells with siRNA resulted in significant cell growth inhibition as well as enhanced apoptosis and cell cycle arrest in vitro. Treatment with siNotch1 in vivo also significantly inhibited tumor growth and prolonged the mouse survival rate in a OCM1 xenograft model. Furthermore, in primary uveal melanoma tissues and uveal melanoma cells, MRK003 treatment inhibited anchorage-independent cell growth and invasion, and reduced phosphorylation levels of STAT3 and ERK1/2 (18) . In the present study, we demonstrated that mutant GNAQ contributed to the activation of Notch signaling, and inhibition of Notch signaling impeded the stimulatory effect of GNAQ on melanoma cell viability and migration.
It has been established that YAP may be involved in the modulation of tumor cell growth and invasion. Overexpressed YAP in human hepatocellular carcinoma cell lines and mouse hepatocytes upregulated Jag-1, resulting in Notch signaling activation and proliferation promotion (27) . Zhou et al (41) demonstrated that YAP was overexpressed in human colon cancers and colon cancer-derived cell lines, where YAP depletion strongly reduces β-catenin and Notch signaling, and inhibits proliferation and the survival rate. Notably, YAP has been reported to be regulated by mutant GNAQ. Feng et al demonstrated that GNAQ stimulates YAP dephosphorylation and translocation through a Trio-Rho/Rac signaling circuitry promoting actin polymerization and the YAP-dependent growth of uveal melanoma cells (42) . Moreover, in cell culture and human tumors, cancer-associated Gq/11 mutants were demonstrated to activate YAP, which mediated the oncogenic activity of mutant Gq/11 in uveal melanoma development (22) . The present findings have demonstrated that YAP dephosphorylation and nuclear translocation may play a key role in Notch activation and cell viability and migration induced by GNAQ. Additionally, the present study provided evidence that positive correlations between the GNAQ and Jag-1 mRNA levels and between the GNAQ and Hes-1 mRNA levels were constant in human uveal melanomas.
In conclusion, results of the present study have shown the critical role of mutant GNAQ in melanoma cell viability and migration through the activation of Notch signaling. Of note, YAP dephosphorylation and nuclear translocation were found to be essential for the interaction between GNAQ and Notch signaling. Thus, the present study identified a critical target for uveal melanoma treatment. 
